Background: Rheumatoid arthritis (RA) is known to cause secondary osteoporosis and fragility fractures. This study aimed to identify biomarkers predictive of bone mineral density (BMD) change at three anatomical sites in patients with RA. Methods: We conducted a prospective longitudinal study in patients with RA. In 2012, we recruited 379 patients from an RA cohort, 329 of whom underwent evaluation of blood and urine biomarkers together with measurement of BMD in the lumbar spine, proximal femur, and distal forearm. The BMD in these three regions was reassessed in 2014. We performed multivariate linear regression analysis to identify those factors associated with BMD change. Results: The averages of age, body mass index, and disease activity score in 28 joints (DAS28) at baseline were 63.2 (minimum to maximum, 32-85), 21.3 (12.3-30.0), and 3.2 (0.1-5.9), respectively. Univariate analysis showed that the annual BMD change was significantly associated with the use of steroid, bisphosphonate (BP) or vitamin D (VitD), and serum homocysteine in the lumber spine; DAS28, the use of BP or VitD, CRP, and anti-cyclic citrullinated peptide antibody (ACPA) in the proximal femur; and the dosage of MTX, the use of BP or VitD, and serum tartrateresistant acid phosphatase 5b (TRACP-5b) in the distal forearm, respectively. Conclusions: Predictive biomarkers for BMD change in RA patients differ at each anatomical site. Practitioners should treat each anatomical site with different markers and prescribe osteoporosis drugs to prevent fractures for RA patients.
Introduction
Rheumatoid arthritis (RA) is a predominantly inflammatory arthritis and a well-known cause of secondary osteoporosis. Osteoporosis increases the possibility of fragility fractures of spine, hip, and other sites, which reduce life expectancy compared with that of the nonfracture general population [1] . Even distal forearm fractures result in poor quality of life and impaired activities of daily living and may be associated with high mortality [2] . Osteoporosis secondary to RA has a higher likelihood of fractures compared with primary osteoporosis [3] , and this unfortunately has not decreased even after introduction of treat-to-target (T2T) strategies [4] .
Osteoporosis increases the risk of fractures at various sites of the body. Jin et al. systematically reviewed the site-specific incidence rates of vertebral, proximal hip, and forearm fractures in patients with RA and reported that age, sex, steroid treatment, RA disease activity, history of fractures, and bisphosphonate use were overall predictors of fracture [5] . However, that study did not report site-specific risk factors. In contrast, Wilson et al. demonstrated significant differences between the mean lumbar or femoral T-scores and the radial T-scores in osteoporosis patients [6] . Moreover, previous large cohort studies have reported that the risk factors for fractures are similar but distinct for different anatomical sites in patients with RA [7] [8] [9] [10] . To introduce preventive measures against these fractures, it is critical to identify any site-specific biomarkers, but these remain to be investigated.
Bone metabolism markers have been studied for many years and have been used for the assessment of fracture risk and to select treatment. Of the known biomarkers, tartrate-resistant acid phosphatase 5b (TRACP-5b), undercarboxylated osteocalcin (Uc-OC), and bone-specific alkaline phosphatase (BAP) have been shown to be useful for bone density, while homocysteine and pentosidine are reported to be excellent specific biomarkers for bone quality [11] and have been demonstrated to be useful for predicting bone mineral density (BMD) and fractures. Moreover, several reports showed that several parameters specific for RA such as rheumatoid factor (RF), anticyclic citrullinated peptide (ACPA), Health Assessment Questionnaire (HAQ), steroid use, methotrexate, and bDMARDs are associated with BMD in RA patients [12] [13] [14] [15] . However, the markers that are the best predictors for use in BMD management of specific anatomical sites in RA remain controversial, and it is unknown whether these biomarkers are still useful if RA-related demographic data are fully taken into count.
To identify effective biomarkers of changes in BMD at different sites in RA patients, we conducted a longitudinal cohort study. We hypothesized that unique biomarkers existed for different anatomical sites in RA patients.
Methods

Study plan and participants
We used the Kyoto University Rheumatoid Arthritis Management Alliance (KURAMA) cohort, which was initiated in May 2011 for prospective monitoring of the changes in condition of patients with RA, with the data to be prospectively used for clinical research [16, 17] . In 2012, we recruited patients specifically for this study and, after obtaining their written informed consent, measured their BMD by dual-energy X-ray absorptiometry (Discovery DXA system, Hologic, Inc) at the lumbar spine, the proximal femur, and the distal forearm. They also underwent clinical examination, serum testing, and urinalysis. These same patients were followed up in 2014, and the same set of data was collected (Fig. 1) . The inclusion criteria for this study were as follows: patients who satisfied the 1987 or 2010 American College of Rheumatology/European League Against Rheumatism classification criteria for RA, who had given written informed consent, were over 18 years of age, and for whom a complete set of data was available. The exclusion criteria were as follows: patients who did not agree to participate in the survey or who were lost to follow-up in 2014 or from whom data such as BMD and laboratory data were not obtained. The study was conducted according to the principles of the Declaration of Helsinki and was approved by the Ethics Committee of Kyoto University before the start of the study (E1308).
Parameter collection Clinical assessments
Clinical parameters of the participants at enrolment include age, sex, female over 60 years old as menopause patients, body mass index (BMI), and Hemoglobin A 1C National Glycohemoglobin Standardization Program (HbA1c). Disease activity was recorded as the disease activity score in 28 joints-erythrocyte sedimentation rate (DAS28-ESR) and physical function using a health assessment questionnaire disability index (HAQ). Joint distraction was evaluated with the modified total Sharp score by van der Heijde method (mTSS) [18, 19] . In addition, the use and the dosage of medications for RA such as biological disease-modifying anti-rheumatic drugs (bDMARDs), steroids, methotrexate (MTX), observation period, serum anti-cyclic citrullinated peptide antibody (ACPA), serum rheumatoid factor (RF), and serum C-reactive protein (CRP) were noted and recorded by the attending rheumatologists. The types of medications for osteoporosis were also recorded. CRP was quantified using a latex immunoturbidimetric method. RF was measured by a turbidimetric immunoassay method. ACPA was measured by CLEIA.
BMD quantitation
In 2012 and 2014, BMDs in the total lumbar spine, the proximal femur, and the distal forearm were measured as previously described [20, 21] . All data were acquired with the same equipment (Discovery; Hologic, Waltham, MA, USA). BMDs were described using young adult mean (YAM) values. The ROI for the lumbar spine was L2-L4. The ROI for the proximal femur was the femoral neck to the trochanter. The ROI for the distal forearm was the distal one third of the radius and ulna [22] [23] [24] .
To minimize the effects of the time differences between participants for the two measurements, the annual rate of change of BMD was used as the objective variable, as previously reported [25] . The value was calculated using the formula: Annual BMD rate of change = (BMD in 2014 − BMD in 2012)/observation period (%/years).
Bone metabolism markers
Plasma analysis included tests for homocysteine, TRACP5b, Uc-OC, and BAP; urine pentosidine was also assayed. Blood was collected in the morning after an overnight fast to minimize daily variation [26] . Homocysteine was measured by high-performance liquid chromatography. TRACP-5b was quantified by enzyme immunoassay. Uc-OC was quantified by electrochemiluminescence immunoassay. BAP was measured by chemiluminescent enzyme immunoassay (CLEIA). Pentosidine was quantified by high-performance liquid chromatography (LSI Medience Corp., Tokyo, Japan).
Statistics
The data were analyzed using JMP Pro, version 13.0 (SAS, Institute Inc., Cary, NC, USA). Data for continuous variables are expressed as mean and SD (range), and data for categorical variables are expressed as numbers and percentages. For all analyses, we set the annual BMD rate of change for each anatomical site as the objective variable. For univariate analysis, we used simple regression analysis for continuous explanatory variables and Student t test for binary explanatory variables. The candidate explanatory parameters of BMD were female over 60 years old, BMI, HbA1c, DAS28-ESR, HAQ, mTSS, MTX dose, oral steroid dose, bDMARD use, RF, ACPA, CRP, TRACP-5b, homocysteine, BAP, Uc-OC, and pentosidine. We constructed a full multivariate regression model that included the all candidate explanatory parameters. The reduced multivariate regression model was made from a full model with stepwise methods. To check the interaction with each explanatory variable, the variance inflation factor (VIF) of each parameter was evaluated: all the VIF values were < 5; there were no severe interactions between each parameter. A p value < 0.05 was considered significant.
Results
Demographic data
A total of 379 patients were recruited to the KURAMA cohort from April to December 2012. Of these, 50 declined BMD testing, which resulted in 329 patients participating in the baseline checkup. After elimination of 85 patients because of missing, at least, one of the background data, the baseline dataset included 244 participants with full set of data available. These participants were followed up in 2014, and 30 of them declined to participate; thus, 214 patients were included in the final analysis (Fig. 1) . The average and range of the age, BMI, and HbA1c were 63.2 (32-85) years, 21.3 (12.3-30.0), and 5.65 (4.6-9.2) respectively. Women over 60 years old who are expected to be in menopause were 61.1% (n = 131) of the participants [27] . A total of 27 patients (13%) had diabetes. Women comprised of 91.1% of the participants. BP, VitD, and bDMARDs were used in 31.3%, 37.3%, and 31.3% of patients, respectively (Table 1) . Parathyroid hormone, selective estrogen receptor modulator, and anti-receptor activator of nuclear factor-kappaB antibody were used only in 0.2%, 0.1%, and 0.8% of the patients at the baseline and were excluded from the further analyses. The mean observation period was 2.3 (1.2-3.5) years. The baseline demographic data were not significantly different between those who were included in the final analysis and those who were excluded from the analysis (data not shown). The annual BMD changes in the three sites were 0.14 ± 2.70 in the lumbar spine, 0.46 ± 1.63 in the proximal hip, and 1.14 ± 1.85 in the forearm without significant differences between any of these, respectively. During the study period, 15 patients (7.0%) suffered with new fractures. Compared to the newly fractured patients with the non-fractured 199 patients, the BMD of the lumbar spine, the total hip, and the distal forearm showed significant difference (p = 0.04, 0.02, and 0.001, respectively); the fractured patients had significantly lower BMD at all of the three sites.
Laboratory and bone metabolism biomarkers
The average values of ACPA, CRP, TRACP-5b, homocysteine, and pentosidine were 125.9 (0-300) U/ mL, 0.66 (0-11.7) mg/dL, 320.0 (68-877) mU/dL, 9.7 (3.2-28.0) ng/mL, and 47.1 (11.5-196 .0) pg/mL, respectively (Table 1) .
Candidate risk factors of annual BMD change for each anatomical site Lumbar spine
In univariate analysis, the annual BMD change in the lumbar spine was significantly associated with the use of steroid, BP or VitD, and homocysteine. Homocysteine remained as the significant, consistent predictor of annual BMD change in the lumbar spine in both multivariate regression models (Table 2) .
Proximal femur
In univariate analyses, the annual BMD change in the proximal femur was associated with DAS28-ESR, the use of BP or VitD, CRP, and ACPA. In the two multivariate regression models, BP, VitD, and ACPA remained the significant predictors of annual BMD change in the proximal femur (Table 3) .
Distal forearm
In univariate analysis, the annual BMD change in the distal forearm was significantly associated with the dosage of MTX, the use of BP or VitD, and TRACP-5b. In the two multivariate regression models, the use of BP or VitD and TRACP-5b remained the significant predictors of annual BMD change in the distal forearm (Table 4) . The results of the multivariate analyses for these three anatomical sites are summarized in Table 5 .
Discussion
This longitudinal cohort study identified distinct biomarkers for BMD changes at each of three anatomical sites. We demonstrated that the predictors of BMD in the lumbar spine were serum homocysteine, whereas the predictors of BMD were ACPA in the proximal femur and serum TRACP-5b in the distal forearm, respectively, along with osteoporosis drugs BP and VitD (summarized in Table 5 ). To the best of our knowledge, this is the first prospective, longitudinal study showing the distinct differences of biomarkers in different anatomical sites predicting the changes of BMD in patients with RA.
The rationale for and the mechanisms underlying these differences in bone biomarkers at each anatomical site has been little studied. Souza-Faloni et al. demonstrated that osteoclasts from different bone sites appear to differ in many respects. They reported that bone marrow cells from different places in the skeleton have different dynamics of osteoclast genesis and that these differences are mainly related to differences in the cellular conformation of the site-specific bone marrow [28] . Alternatively, Fehérvári demonstrated a body sitespecific link between the severity of atherosclerosis and osteoporosis in patients with peripheral artery disease [29] . Further, de Carvalho et al. argued that long-lasting kidney disease, which is another disease causing secondary osteoporosis, is associated with poor BMD at the hip but not at the spine [30] . Therefore, the differences in risk factors and predictive biomarkers that we observed are reasonable from the perspective of bone biology.
This study identified serum homocysteine as a predictive biomarker for the change in BMD in the lumbar spine. A previous animal study showed that high homocysteine levels induce bone loss [31] , while another report suggested that high serum homocysteine might influence bone mineral density, bone turnover, bone blood flow, and collagen cross-linking [32] . Homocysteine is known to be associated with inflammatory processes [33] , but, in this study, CRP was not a significant predictor of homocysteine level, suggesting that the influence of systemic inflammation may not be directly Urinary pentosidine ± SD(pg/ml)(min max) 47.1 ± 25.9 (11.5-196 .0)
BMI body mass index, HbA1c NGSP Hemoglobin A 1C National Glycohemoglobin Standardization Program, DAS28-ESR disease activity score in 28 jointserythrocyte sedimentation rate, HAQ health assessment questionnaire, TSS total Sharp/van der Heijde score, MTX methotrexate, bDMARDs biological disease-modifying anti-rheumatic drugs, BMD bone mineral density (data was shown with young adult mean), RF rheumatoid factor, ACPA anti-cyclic citrullinated peptide antibody, CRP C-reactive protein, TRACP-5b tartrateresistant acid phosphatase 5b, Uc-OC undercarboxylated osteocalcin, BAP bone-specific alkaline phosphatase associated with the homocysteine level. Indeed, Bahtiri et al. reported that serum homocysteine levels were inversely related to lumbar spine BMD and femur neck BMD in women with osteoporosis [34] . The reason why homocysteine was identified as a predictive biomarker of BMD change only in the lumbar spine remains to be investigated, but it is possible that homocysteine tends to accumulate in the spine, which has less cortical bone and more cancellous bone than the other two sites [35] . Another interesting finding of this study was that ACPA was a significant predictor of BMD change in the proximal femur. ACPA is known as a risk factor not only of joint destruction but of bone loss in RA patients [36] . Moreover, a few reports showed significant associations between ACPA and atherosclerosis or ischemic heart disease in RA patients [37] . Taken together, these findings suggest that the proximal femur may be particularly affected by vascular conditions or may be strongly shared in common pathophysiology between bone and vascular metabolism, but these notions should be further investigated.
In contrast, the predictive biomarkers for BMD in the distal forearm remain largely unknown. This study demonstrated that RA patients with higher TRACP-5b tended to lose BMD in the distal forearm in the 2-year period. It is well known that TRACP-5b is predominantly expressed in bone by osteoclasts [38] . Janckila et al. reported that the mean level of TRACP-5b protein was elevated in RA patients compared with healthy controls and other disease groups [39] . They suggested that TRACP-5b activity is a marker of osteoclast number and local or systemic bone destruction, which suggests the hypothesis that osteoclast activity induced by local and/ or systemic inflammation might strongly influence bone metabolism, particularly in the distal forearm of RA patients.
One of the noteworthy results of this study is that the biomarkers identified were more potent than other known predictors of BMD changes such as age plus menopause, DM, and the use of steroids, possibly because this study was conducted relatively in a short term, and because the participants were predominantly women with RA. Nonetheless, in the current clinical setting where patients are treated using a T2T strategy, it can be argued that the biomarkers would be a powerful tool to predict the changes in BMD of patients with RA. BMD bone mineral density, BMI body mass index, DAS28-ESR disease activity score in 28 joints-erythrocyte sedimentation rate, HAQ health assessment questionnaire, TSS total Sharp/van der Heijde score, MTX methotrexate, bDMARDs biological disease-modifying anti-rheumatic drugs, RF rheumatoid factor, ACPA anti-cyclic citrullinated peptide antibody, CRP C-reactive protein, TRACP-5b tartrate-resistant acid phosphatase 5b, Uc-OC undercarboxylated osteocalcin, BAP bonespecific alkaline phosphatase *p ≥ 0.05
One question that remains is how differently each osteoporosis drug affects BMD at each anatomical site. Few studies have investigated the differences between the effects of different osteoporosis drugs on different bones. This study revealed that any drugs did not sufficiently affect the change of BMD in the lumber spine, whereas both BP and VitD affected that in the proximal femur and in the distal forearm. Moreover, the potency of BP may differ among the three sites because t value of multiple regression analysis in the reduced model was higher in the proximal femur (t = 3.19) than that in the distal forearm (t = 2.06). Golub et al. previously demonstrated that skeletal biodistribution of bisphosphonate is anatomic site-dependent in a rat model [40] . While the earlier studies for primary osteoporosis show that BP increases BMD in lumbar spine but does not significantly increase BMD in forearm [41] , another previous report demonstrated that bone loss and bone turnover at the distal radius were significantly faster in RA patients than the general population [42] . In addition, the hip and the distal forearm are distinguished from the lumbar spine with more cortical bones than the lumbar spine and are mechanically related to the joints: the bone turnover of the two sites may be enhanced by periarticular osteoporosis compared with lumbar spine [43, 44] . Therefore, the difference of drug effect might reflect differences of drug distribution, the ratios of the cortical and the cancellous bone, and mechanical burdens at each anatomical site. Additional investigation would identify differences in the predictive biomarkers for each anatomical site and may reveal differences in the effects of different osteoporosis drugs.
This study has several limitations. First, the number of participants may not be large enough to identify more significant biomarkers for each anatomical site. Indeed, this study did not include all of biomarkers available due to practical reasons, and studies with more samples and biomarkers may reveal a different set of biomarkers for these anatomical sites. However, the biomarkers distinguished in this study remained significant in each analysis and should be considered reliable for prediction of BMD changes. Second, as reported elsewhere, a decrease in BMD may not necessarily indicate actual bone fragility. However, there is consensus that BMD determined by DEA is one of the most reliable and usable surrogate markers for assessing the risk of fracture in osteoporosis BMD bone mineral density, BMI body mass index, DAS28-ESR disease activity score in 28 joints-erythrocyte sedimentation rate, HAQ health assessment questionnaire, TSS total Sharp/van der Heijde score, MTX methotrexate, bDMARDs biological disease-modifiying anti-rheumatic drugs, RF rheumatoid factor, ACPA anti-cyclic citrullinated peptide antibody, CRP C-reactive protein, TRACP-5b tartrate-resistant acid phosphatase 5b, Uc-OC undercarboxylated osteocalcin, BAP bonespecific alkaline phosphatase *p ≥ 0.05
patients. Third, this was a single-center study, which could have led to some selection bias. Fourth, the follow-up period of this study was relatively short. However, the longer the patients are followed, the more confounding factors, such as changes in medication, must be taken into count, which in turn requires greater sample numbers and more complex statistical analyses. Fifth, this study did not include newer osteoporosis drugs such as parathyroid hormone, selective estrogen receptor modulator, and anti-receptor activator of nuclear factorkappaB antibody for analyses. The influence of these drugs on selecting biomarkers remains to be investigated. Lastly, although we investigated six bone metabolism biomarkers plus general and RA-related biomarkers such as ACPA, other reported biomarkers may be more potent than those assessed in the current study. However, we selected established biomarkers that were representative of different aspects of bone metabolism, inflammation, and serological aspects of RA, which would have covered crucial aspects of pathophysiology of osteoporosis and RA. Which biomarkers are best in a particular clinical setting should be investigated in another study. Despite the above limitations, no previous longitudinal study has evaluated the relationship of six types of bone metabolism markers and RA-specific parameters with changes in BMD at three body sites in a large RA cohort. In addition, we applied well-known influential factors such as menopause, DM, BMI, steroids, osteoporotic drugs, and bDMARDs as explanatory parameters in the full multiple regression model, which should lead to reliable BMD bone mineral density, BMI body mass index, DAS28-ESR disease activity score in 28 joints-erythrocyte sedimentation rate, HAQ health assessment questionnaire, TSS total Sharp/van der Heijde score, MTX methotrexate, bDMARDs biological disease-modifying anti-rheumatic drugs, RF rheumatoid factor, ACPA anti-cyclic citrullinated peptide antibody, CRP C-reactive protein, TRACP-5b tartrate-resistant acid phosphatase 5b, Uc-OC undercarboxylated osteocalcin, BAP bonespecific alkaline phosphatase *p ≥ 0.05 
TRACP-5b ↓↓↓
Homocysteine ↓ ↑↑↑, 3 ≦ t < 3.5 and p < 0.05 ↑↑, 2.5 ≦ t < 3.0 and p < 0.05 ↑, 2 ≦ t < 2.5 and p < 0.05 ↓, − 2.5 ≦ t< − 2 and p < 0.05 ↓↓, − 3 ≦ t < − 2.5 and p < 0.05 ↓↓↓, − 3.5 ≦ t < − 3 and p < 0.05 BMD bone mineral density, ACPA anti-cyclic citrullinated peptide antibody, TRACP-5b tartrate-resistant acid phosphatase 5b
results. Indeed, the results of the two regression models extracted the similar significant markers in each analysis. Therefore, our results suggest that the biomarkers identified in this study should be considered useful for BMD management in patients with RA treated by the current T2T strategy and osteoporosis drugs.
Conclusions
This prospective longitudinal study identified distinct predictive biomarkers of BMD in the lumbar spine, proximal femur, and distal forearm in patients with RA. Multivariate analyses revealed that the significant predictors of BMD in the lumbar spine, proximal femur, and distal forearm were homocysteine, ACPA, and TRACP5b, respectively, along with osteoporosis drugs BP and VitD. Practitioners and patients with RA should treat each anatomical site differently to prevent fractures and manage osteoporosis. 
